We investigated the contribution of large conductance calcium-activated potassium (BK) channels to spontaneous activity of cerebellar Purkinje neurons. In Purkinje neurons which fire tonically block of BK channels increased the firing rate and caused the neurons to fire irregularly. In Purkinje neurons which exhibited a trimodal pattern of activity, present primarily in mature animals, block of BK channels had little effect on firing rate or regularity but shortened the single cycle duration of the trimodal pattern. The contribution of BK channels to the action potential waveform was also examined. BK channels contributed a brief afterhyperpolarization (AHP) of approximately 3 mV which followed each action potential, but made little contribution to action potential repolarization. The amplitude of the BK-dependent AHP did not change with age although there was an increase in the total AHP. The difference in the contribution of BK channels to the firing rate among the two populations of Purkinje neurons was the consequence of the decrease in the fractional contribution of BK channels to the AHP. We also found that block of BK channels increases intracellular calcium concentration during spontaneous firing. Thus, although BK channels do not affect action potential repolarization, they nevertheless control calcium entry with each action potential by contributing to the AHP.
Introduction
Large conductance calcium-activated potassium (BK) channels are present in many excitable cells. Their activation requires membrane depolarization and increases in intracellular calcium concentration. For this reason activation of BK channels is typically time locked to sodium-or calcium-dependent action potentials where BK channels contribute to action potential repolarization and to a brief afterhyperpolarization (AHP) (Lancaster and Nicoll, 1987; Robitaille and Charlton, 1992; Shao et al., 1999; Hu et al., 2001; Edgerton and Reinhart, 2003; Faber and Sah, 2003) . Activation of BK channels limits calcium entry by speeding action potential repolarization, an action that serves to regulate transmitter release at nerve terminals (Robitaille and Charlton, 1992) . Because the BK-dependent AHP is brief they often contribute little to the rate or pattern of firing although in some cells BK channels can regulate firing rate (Lovell and McCobb, 2001; Smith et al., 2002) .
Mice which lack BK channels exhibit cerebellar ataxia (Sausbier et al., 2004) indicating a clear role for these channels in the cerebellum. Other molecules which are important in calciumdependent signaling are also crucial for normal cerebellar function. Mutations in voltage-gated calcium channels (Pietrobon, 2002) , in molecules responsible for intracellular calcium homeostasis (Matsumoto et al., 1996; Street et al., 1997; Airaksinen et al., 1997) , and in calcium-activated potassium channels (Sausbier et al., 2004; Shakkottai et al., 2004) cause cerebellar ataxia. Cerebellar Purkinje neurons are central to cerebellar function since they are the only neurons which project out of the cerebellar cortex (Ito, 1984) . Purkinje cells are intrinsically active (Hausser and Clark, 1997; Nam and Hockberger, 1997; Raman and Bean, 1999; Jaeger and Bower, 1999; Womack and Khodakhah, 2002a) and alterations in their intrinsic activity is thought to be a contributing factor to cerebellar dysfunction in hereditary ataxia (Walter et al., 2006) . BK channels are present in Purkinje neurons (Gruol et al., 1991; Womack and Khodakhah, 2002b; Edgerton and Reinhart, 2003) , where they are activated following action potentials and dendritic calcium spikes (Edgerton and Reinhart, 2003; Walter et al., 2006) . However, the exact role of these channels in regulation of Purkinje cell activity is not understood.
We thus investigated the role of BK channels in regulating spontaneous firing of Purkinje neurons. We found that contribution of BK channels to spontaneous firing depended on the preexisting pattern of activity. In neurons which fired tonically, present predominantly in immature animals, block of BK channels increased the spontaneous firing rate and altered the pattern of activity by promoting bursting. In neurons which exhibited a trimodal pattern of activity, comprising most adult Purkinje neurons in slices, BK channels made no significant contribution to the firing rate but when blocked shortened the pattern duration. The difference in the contribution of BK channels to the firing rate among the two populations of neurons was related to an age-dependent decrease in the fractional contribution of BK channels to the AHP. We also found that that BK channels are one of the factors that determine the extent of calcium entry to the soma of Purkinje cells with each action potential.
Experimental Procedures
Preparation of slices CD1 mice, or Wistar rats, at 11-33 days postnatal were anaesthetized with halothane and sacrificed by decapitation. 300 μm thick sagittal slices were prepared from the vermis of the cerebellum using a vibratome (Campden Instruments, UK). Slices were maintained at room temperature in the recording solution until use (1 to 8 hours)
Recording and analysis
Slices were mounted in a chamber on the stage of an upright Zeiss microscope and visualized using a 40 water immersion objective with infrared optics. Slices were continuously superfused at a rate of 1.5 ml per minute with recording solution (in mM) NaCl 125, KCl 2.5, NaHCO 3 26, NaH 2 PO 4 1.25, MgCl 2 1, CaCl 2 2, glucose 10, pH 7.4 when gassed with 5% CO 2 :95% O 2 . Where indicated the solution also contained kynurenic acid (5 mM) a broad spectrum ionotropic glutamate receptor antagonist (Stone, 1993) and the GABA A antagonist, picrotoxin (Yoon et al., 1993) The slice temperature was maintained at 35 °C (±0.5 °C) by adjusting the temperature of the bathing solution. The volume of the chamber was 0≈2 ml, requiring several minutes for complete wash in of the antagonists or blockers. For local perfusion, a glass pipette connected to a reservoir containing perfusate was positioned just above the surface of the slice. Fast green (0.4%) was included in the perfusate in order to monitor the location of the perfusate. At this concentration the dye has no effect on the firing of Purkinje neurons. A suction pipette was placed downstream from the perfusion pipette in order to limit the spread of the perfusate. Previously we have shown that the visible dye front is a reliable measure of the extent of localized perfusion (Womack and Khodakhah, 2002a) . Extracellular field potential recordings were made from individual Purkinje neurons using a home-made differential amplifier with glass pipette electrodes (tip size 0.3 to 1 μm) filled with the recording solution. The pipette tip was positioned just above, or lightly touching, the cell body near the axon hillock where the largest potential changes were usually recorded. Action potentials appeared as fast negative deflections of 50-1000 μV. Whole cell recordings were made with borosilicate glass pipettes (3-6 MΩ) filled with (in mM) K methyl sulfate 140, KCl 10, NaCl 5, MgATP 2, EGTA 0.01, HEPES 10, (pH 7.2). For calcium measurements Fluo-4 or Fura-4F (200 μM) was also included in the pipette solution. Fluorescence intensity of the cell soma was measured using a cooled CCD camera (EEV chip, Frame transfer mode, Princeton Instruments), or a photon counting photomultiplier (Hamamatsu Photonics). Fluorescence emitted by the calcium indicators were measured at wavelength >510 nm. Fluo-4 was excited at 480±15 nm whereas Fura-4F at 425 ±15 nm. The fluorescence emitted by Fura family of indicators when excited at 425 nm is negligible when these dyes are bound with calcium. Consequently, the auto-fluorescence recorded in the cell attached mode was taken as a good estimate of F max . The resting fluorescence just prior to the experimental manipulation was background corrected and assumed to reflect fluorescence at 50 nM free calcium concentration (Llano et al., 1991 ). The F min was then estimated from this assumption and used to estimate free calcium concentration using the equation [Ca 2+ ]=K d (F− Fmin )/(F max −F) where F is the measured fluorescence.
Whole cell data was recorded using an Optopatch amplifier (Cairn Research Ltd., U.K.). Data was sampled at 10 kHz for extracellular recordings and 20 kHz for whole cell recordings using a National Instruments D/A-A/D card (MIO-16XE-10; Austin, TX) and an IBM-compatible computer. Data acquisition and analyses were done with software written in-house using LabView (National Instruments, Austin, TX). To analyze firing rate, a threshold level for spike detection was set by eye during the experiment. The number of spikes crossing the threshold was counted every 500 ms and is reported as the firing rate in terms of spikes per second. Kynurenic acid, picrotoxin, apamin, and fast green, were obtained from Sigma Chemical (St. Louis, MO). Potassium methyl sulfate was purchased from Pfaltz and Bauer Inc. (Waterbuy, CT). Fluo-4 and Fura-4F were obtained from Molecular Probes (Eugene, OR), and iberiotoxin was purchased from Tocris (Ellisville, MO). All other chemicals were of reagent grade.
Results

In the absence of synaptic blockers, block of BK channels increases firing rate and promotes bursting in Purkinje neurons
The contribution of BK channels to spontaneous activity of Purkinje neurons was assessed by recording firing in the presence and absence of iberiotoxin, a specific BK channel blocker (Giangiacomo et al., 1992) . To avoid washout of cytoplasmic constituents, particularly calcium buffers, which might alter spontaneous activity, extracellular recording was used to monitor spontaneous firing of individual Purkinje neurons. The first set of experiments were conducted in the presence of intact synaptic transmission to obtain an overall idea of the consequences of dysfunction of BK channels in the cerebellar cortex. As previously described (Womack and Khodakhah, 2003) , in the absence of synaptic blockers, Purkinje neurons exhibited one of three modes of spontaneous firing. While most neurons fired tonically, a second population exhibited a trimodal pattern of activity in which they cycled regularly through periods of tonic firing, bursting, and silence, while a third population alternated between periods of bursting and silence. The left panels in Figure 1 (A-C) show recordings of average firing rate obtained from each population of neurons. Application of iberiotoxin (100 nM) increased the average firing rate in all three populations of neurons . This is shown clearly in the right panels of Figure 1 (A-C) where iberiotoxin produces a shift to shorter interspike intervals (increased firing rate). For each cell the predominant firing rate was defined as the inverse of the most prevalent interspike interval. Under control conditions the mean predominant firing rate for all neurons tested was 58 spikes/s (± 8 spikes/s, S.E.M., n=5). Block of BK channels increased the mean predominant firing rate to 121 (± 29 spikes per second, S.E.M., n=5) ( Figure 1D ).
In tonic firing neurons in the absence of synaptic input, block of BK channels increases firing rate and promotes bursting BK channels are present on presynaptic terminals of some neurons where they contribute to action potential repolarization and limit neurotransmitter release (Robitaille and Charlton, 1992) . In some neurons, BK channels also control the rate of spontaneous activity and membrane excitability. It is therefore possible that the effects of iberiotoxin reported in Figure  1 are due to increased release of excitatory or inhibitory transmitters onto the Purkinje neurons following block of presynaptic BK channels rather than alterations in the intrinsic conductances of Purkinje cells. To examine the direct contribution of BK channels to spontaneous activity of Purkinje neurons, spontaneous firing was monitored in the presence of kynurenic acid (5 mM) and picrotoxin (100 μM) to block fast excitatory and inhibitory synaptic input, respectively. As reported previously (Womack and Khodakhah, 2002a) , in the presence of synaptic blockers Purkinje neurons either fired tonically or exhibited the trimodal pattern of activity. In the absence of synaptic input, the two types of Purkinje neurons respond differently to BK channel block.
In tonically firing neurons BK channel block increased the firing rate and caused the neurons to fire in bursts. Figure 2 (A, B, C) shows the responses of two tonic firing neurons to bath application of iberiotoxin. Half the tonically firing neurons tested (5/10) responded to BK channel block by bursting irregularly ( Figure 2B ) while in the other half application of iberiotoxin induced a trimodal pattern of activity ( Figure 2C ). In all cases BK channel block increased the firing rate, as illustrated by the shifts in the interspike interval distributions in the right-hand panels of Figures 2B and C. In neurons where block of BK channels caused irregular bursting the predominant firing rate increased from 61 ± 10 to 268 ± 87 spikes per second (mean ± S.E.M, n=5) ( Figure 2D , left panel) while in neurons where BK channel block induced a trimodal pattern the predominant firing rate increased from 55 ± 3 to 102 ± 8 spikes per second (mean ± S.E.M, n=5) ( Figure 2D , right panel). The fraction of Purkinje cells that have the trimodal pattern of activity increases with age. We wondered whether there was a correlation between the age of the animals and whether iberiotoxin induced the trimodal pattern of activity or irregular firing. We find that such a correlation does exist with the tonic Purkinje cells that showed the trimodal pattern of activity in iberiotxin were taken from older animals (21.2 ± 1.11 days old; mean ± S.E.M, n=5) compared with those that burst at random when iberiotoxin was applied (14.4 ± 1.05 days old; mean ± S.E.M, n=5). Clearly, the effect of iberiotoxin on the rate of activity of Purkinje cells is age dependent.
In all neurons the firing rate also became more irregular in iberiotoxin. This is shown clearly in the raw data traces and average firing rate of Figures 2A, B . The firing rate was also less regular in neurons which acquired the trimodal pattern, in part because BK channel block promoted bursting as part of the trimodal pattern of activity. However, even during the tonic firing periods of the trimodal pattern, spontaneous firing was more irregular than under control conditions. To quantify this difference, the coefficient of variation was determined for a 5 s period of firing under control conditions and in iberiotoxin during a period of tonic firing where the average firing rate was not changing. The histogram in Figure 2E shows that the CV increases in the presence of iberiotoxin. Thus BK channels serve to slow the firing rate and maintain regular firing in tonically firing Purkinje neurons.
In neurons with the trimodal pattern block of BK channels decreases the pattern cycle period with no effect on mean firing rate Records of average firing rate from two neurons which exhibited the trimodal pattern of activity are shown in Figure 3 (A, B) . In contrast to its effects on tonically firing neurons, application of iberiotoxin (100 nM) had little effect on average firing rate (left panels). The lack of change in firing rate is illustrated more clearly by the interspike interval distributions ( Figure 3A , B, right panels). The average predominant firing rate for all cells tested is shown in figure 3C . The averages were 90 ± 14 spikes/s in control conditions and 107 ± 15 spikes/s in iberiotoxin (mean ± S.E.M, n=15) ( Figure 3C ). Comparison of coefficients of variation during the tonic phase of firing shows that BK channel block also had no effect on regularity of firing ( Figure  3D ). These results are in contrast to those obtained for neurons with the trimodal pattern of activity in the absence of synaptic blockers and suggest that BK channels also play a role in regulating the release of glutamate or GABA from presynaptic neurons or glia.
Further examination of the data records from the two cells discussed in figure 3 shows that BK channel block decreased the single cycle duration of the trimodal pattern of activity and that the decrease is greater for the neuron with the longer single cycle duration ( Figure 3A ). Comparison of single cycle pattern duration in control conditions and in iberiotoxin for all neurons tested ( Figure 3E , left panel) supports this conclusion. Block of BK channels decreased the average single cycle duration from 5.4 ± 0.99 min to 1.5 ± 0.31 min (mean ± S.E.M, n=15) ( Figure 3E , right panel). In the presence of synaptic blockers, block of BK channels does not increase the firing rate of Purkinje neurons with the trimodal pattern of activity, but significantly decreases the single cycle duration of the pattern.
Calcium-activated potassium channels do not contribute to the silent phase of the trimodal pattern of activity
Each cycle of the trimodal pattern of activity consists of a phase of tonic firing, a period of bursting, followed by a silent period lasting approximately 20 seconds. During the silent period the membrane potential hyperpolarizes well below threshold (Womack and Khodakhah, 2003) . It is conceivable that the silent period results from activation of calcium-activated potassium channels activated following buildup of intracellular calcium during the bursting phase. We have previously shown, however, that the duration of the silent phase is not altered by block of SK channels (Womack and Khodakhah, 2003) . We asked whether BK channels contributed to the silent phase by analyzing the effect of iberiotoxin on each phase of the trimodal pattern. While block of BK channels significantly decreased the duration of the tonic and bursting phases of the pattern, there was no effect on the silent phase ( Figure 3F ). Simultaneous block of BK and SK channels did not abolish the trimodal pattern of activity ( Figure 3G ) or alter the duration of the silent period ( Figure 3H ). These results show that neither BK nor SK channels contribute to the silent periods.
Spontaneous firing is controlled by both dendritic and somatic BK channels
Ion channels present in the dendrites of Purkinje neurons contribute significantly to spontaneous firing and are particularly critical for maintaining spontaneous activity in Purkinje neurons with the trimodal pattern of activity (Womack and Khodakhah, 2002a; Womack and Khodakhah, 2003) . To examine the contribution of dendritic BK channels to spontaneous firing, iberiotoxin was applied selectively to the dendrites of Purkinje neurons by local perfusion. The effect of blocking BK channels in the dendrites of a tonically firing Purkinje neuron is shown in Figure 4A . Application of iberiotoxin to the distal half of the dendritic tree had no effect on spontaneous firing while application to the distal two thirds produced only a slight increase in firing rate. Application of iberiotoxin to the whole cell caused the neuron to burst irregularly. Similar results obtained from six additional Purkinje neurons are summarized in Figure 4C . In tonic firing Purkinje neurons dendritic BK channels make no contribution to spontaneous firing. Figure 4B shows the effect of dendritic BK channel block on spontaneous firing in a Purkinje neuron with the trimodal pattern of activity. Application of iberiotoxin to the distal half of the dendrites decreased the pattern period from 3.2 to 2.1 minutes. A further decrease to 1.7 minutes was observed upon application to the distal two thirds of the dendrites. Block of BK channels throughout the cell decreased the pattern duration to 0.63 minutes. No effect on firing rate was observed. Similar results obtained from four additional Purkinje neurons are summarized in Figure 4D . In Purkinje neurons which exhibit the trimodal pattern of activity, both dendritic and somatic BK channels contribute to the pattern of spontaneous activity.
Contribution of BK channels to spontaneous activity of Purkinje cells is age-dependent
Block of BK channels markedly increased the firing rate of tonic cells which converted to irregular bursting cells, somewhat increased the firing rate of tonic cells that demonstrated the trimodal pattern of activity in iberiotoxin, and had no effect on the cells which showed the trimodal pattern of activity. Edgerton & Reinhart (2003) report a small but statistically insignificant decrease in the contribution of BK channels to the AHP in older animals. To examine whether the diversity of effects of iberiotoxin was age related, we examined the age of the animals for each of the three groups. As shown in Figure 5A , Purkinje cells in which tonic firing was converted to irregular bursting by iberiotoxin were, on average, recorded in cerebella of the youngest animals examined (14.2±0.3 days postnatal, mean±S.E.M., n=7). The tonic cells whose activity converted to the trimodal pattern by iberiotoxin came from animals which were slightly older from the first group (16.1±0.8 days postnatal, mean±S.E.M., n=6). The difference between the age of these two groups while small, was statistically significant (p<0.05, Oneway ANOVA). Lastly, the Purkinje cells with the trimodal pattern of activity were from animals with an average age of 21.1±1.1 days postnatal (mean±S.E.M., n=15). The average age of this group was also significantly greater than that of the other two groups (p<0.01, compared with each of the two tonic groups, Oneway ANOVA). Further, there is a clear relationship between the effectiveness of iberiotoxin in increasing the firing rate of a Purkinje cell and the age of the animal studied ( Figure 6B ).
Contribution of BK channels to action potential waveform
We examined the age-dependence of the action of iberiotoxin more closely in order to determine whether differences in the contribution of BK channels to firing rate could be explained by age-dependent changes in the contribution of BK channels to the action potential waveform. Spontaneous firing was recorded in whole cell current-clamp mode and action potentials analyzed before and after application of iberiotoxin. Figure 6A shows the parameters which were analyzed. The resting membrane potential (V m Rest) was defined as the potential 0.5 ms prior to the action potential peak. The membrane potential at the minimum of the AHP (V m AHP) and the difference between V m AHP and V m Rest (AHP amplitude) were also measured. To estimate the contribution of BK channels to action potential repolarization, the action potential width, measured at 10% and 50% of the difference between V m Rest and the action potential peak, was determined. Another estimate of the rate of repolarization of the action potential was obtained by measuring the time from the peak of the action potential to the minimum of the AHP (fall time). Under control conditions V m Rest was −47 mV (± 0.9, S.E.M., n=18) and showed no correlation with age ( Figure 6B ). In contrast, there was a significant increase in the AHP and decrease in the width of the action potential. The average values for V m AHP and AHP amplitude were −60.7 mV (±1.0) and 13.7 mV (± 0.9), respectively. Linear regression fits to the control data showed a decrease in V m AHP of 0.8 mV per day from postnatal day 11 to 22 ( Figure 6C ) and an increase in AHP amplitude of 0.73 mV per day over the same age range ( Figure 5F ). The action potential width also changed with age under control conditions. Average values were 0.33 (± 0.02) ms and 0.60 (± 0.02) ms at 50 and 10 %, respectively. Linear regression fits show a significant decrease of approximately 0.01 ms per day for each parameter ( Figure 6D ). Under control conditions the average fall time was 0.46 (± 0.07) ms. The fall time also showed a clear correlation with age, decreasing by 0.06 (± 0.07) ms per day ( Figure 6G ). Figure 6E shows average firing rate of a neuron during application of iberiotoxin. Iberiotoxin caused an initial increase in firing rate which preceded bursting. Measurements of action potential parameters were made under control conditions (C) and in iberiotoxin before the neuron began to burst (I). Average action potentials from this neuron ( Figure 6E, bottom panel) show a clear decrease in AHP in the presence of iberiotoxin. In the presence of iberiotoxin the average V m AHP was −57.8 (± 1.1) mV significantly different from the control value of −60.7 (± 1.3) mV (p<=0.02, by Oneway ANOVA). The average AHP amplitude decreased from 13.7 (± 0.91) mV to 10.6 (± 0.9) mV. The iberotoxin-sensitive AHP amplitude found here was similar to the mean amplitude of the iberiotoxin-sensitive AHP in Purkinje neurons reported earlier (Womack and Khodakhah, 2002b) . Block of BK channels did not affect V m Rest (−47 ± 0.09 mV in control vs.−47 mV (± 1.0, S.E.M., n=18) in iberiotoxin) and, as in control conditions, V m Rest did not change with age ( Figure 6B ). There was a small, although statistically insignificant increase in the mean action potential width at 10 % of the peak, from 0.60 (± 0.02) ms in control to 0.64 ms (± 0.04, S.E.M., n=18). The fall time increased from 0.46 (± 0.07) to 0.64 ms (± 0.1, S.E.M., n=18). There was little change in the width at 50 % of peak with average values of 0.33 (± 0.02) ms in control conditions and 0.35 ms (± 0.02, S.E.M., n=18) in iberiotoxin. Figure 6F shows the amplitude of the iberiotoxin-sensitive component of the AHP as a function of age. While the total AHP amplitude shows a clear increase with age, the iberiotoxin-sensitive component of the AHP remains the same across all ages ( Figure 6F) . Likewise, the contribution of BK channels to the fall time is greater at younger ages ( Figure 6E ). Taken together, these results indicate that BK channels make a larger contribution to the AHP and to action potential repolarization in younger animals and provides an explanation for the difference in the effects of BK channel block on firing rate between tonic firing Purkinje neurons and those with the trimodal pattern. In younger, tonic firing neurons BK channels make a large enough contribution to the AHP to alter the voltage trajectory during the interspike interval and slow the rate at which the membrane potential approaches threshold. In older Purkinje neurons (most of which have the trimodal pattern) control of the firing rate is determined by other channels. It is curious, however, that the firing rate of cells with the trimodal pattern of activity from younger animals is affected little by iberiotoxin. BK channels might have contributed less to the AHP in these cells compared that expected purely on the basis of age. In fact, a change in the amplitude of AHP might be a contributing factor to conversion of tonic firing cells to those with the trimodal pattern of activity.
We also analyzed the effects of BK channel block on the waveforms of action potentials recorded extracellularly. This technique has the advantage that cytoplasmic constituents which may be required to maintain normal spontaneous firing are not washed out. Potential changes recorded in this configuration correspond to the derivative of the membrane potential. The peak positive deflection occurs at the time at which the rate of repolarization of the membrane potential is greatest, that is at the time of maximum outward current ( Figure 6H, top panel) . Trains of extracellular spike waveforms (100-2000) were averaged in control conditions and in the presence of iberiotoxin. The time from the start of the negative voltage deflection (equivalent to the start of the rising phase of the action potential; determined by the time of the first data point whose amplitude was more than two standard deviations away from the mean of the baseline) to the peak outward current was measured to assess the magnitude of the BK channel contribution ( Figure 6H, top panel) . Average action potentials recorded in control conditions and in the presence of iberiotoxin are shown in Figure 6H (bottom traces). Block of BK channels slightly decreased the time to peak outward current ( Figure 6I ). These results indicate that, even though they make only a small contribution to action potential repolarization, BK channels are active during the repolarizing phase of the action potential and are activated slightly later than other channels. Figure 6I shows the difference between the time to maximal current in control conditions and in the presence of iberiotoxin vs. age. Linear fits to the data show a decrease in this value of 0.01 ms per day over the ages tested and indicate that the contribution of BK channels to the total outward current is less at older ages. These findings are consistent with the results obtained from whole cell recordings in which the relative contribution of BK channels to action potential waveform diminishes with age. Collectively, the results in figure 6 suggest that the contribution of BK channels to firing rate in tonic firing neurons, which predominate at younger ages, arises because BK channels make a larger contribution to the AHP in these neurons than in neurons with the trimodal pattern of activity.
BK channels regulate calcium entry during spontaneous firing BK channels contribute briefly to an AHP following each action potential, but not to resting membrane potential. These results are consistent with previous findings showing that in Purkinje neurons BK channels require both large calcium increases and membrane depolarization for activation (Womack and Khodakhah, 2002b) . In Purkinje neurons with the trimodal pattern of activity the relative contribution of BK channels to the AHP is not great enough to influence the rate or regularity of firing. However, block of BK channels in the neurons with the trimodal pattern of activity produces a change in the pattern duration of spontaneous firing, indicating that BK channels are present on these neurons and have a function. A similar decrease in single cycle period of the trimodal pattern of activity has been observed when the calcium influx is increased by increasing the extracellular calcium concentration from 2 to 5 mM (Chevez and Khodakhah, unpublished observations). Calcium enters Purkinje neurons with each action potential following activation of voltage-gated calcium channels. The calcium channels are activated during the depolarization and deactivate rapidly upon repolarization (Raman and Bean, 1999) . Block of BK channels could lead to increased calcium entry during spontaneous firing by slowing action potential repolarization leading to longer activation of calcium channels and, by decreasing the AHP, BK channel block could slow deactivation of the calcium channels. To investigate the effects of BK channel block on intracellular calcium concentration, whole-cell current clamp recordings were made from spontaneously firing Purkinje neurons. Fluo-4, a calcium-sensitive fluorescent dye, was included in the recording pipette and somatic fluorescence levels were monitored using a cooled CCD camera. Figure 7 shows the results of one such experiment. The neuron fired tonically at a rate of approximately 25 spikes/s and showed a steady fluorescence level. Injection of depolarizing current increased firing rate and fluorescence intensity indicating that a significant portion of the fluorescence signal is the result of calcium entry per action potential. Block of BK channels caused an increase in the firing rate and corresponding increase in intracellular calcium concentration as indicated by the fluorescence increase. The increase in fluorescence in iberiotoxin was 23% greater than in control conditions when measurements made at the same average firing rate. The fluorescence increase seen in iberiotoxin was the result of increased calcium entry per action potential as well as increased firing rate. After correction for the increase in firing rate, block of BK channels caused the fluorescence to increase an average of 26% above control levels (± 4%, S.E.M., n=6). It should be noted that this corresponds to an overall increase in the average somatic calcium concentration and thus suggests that there is a significantly larger increase in local calcium concentration close to the plasma membrane when BK channels are blocked.
In a separate series of experiments we used the calcium dye Fura-4F (that we could easily calibrate; see methods) to measure the actual changes in the free calcium concentration in the soma of Purkinje cells during spontaneous activity ( Figure 7B and C). As can be seen, average spontaneous firing rates of 25-115 spikes per second corresponded with linear increases of somatic calcium concentration in the range of 80-320 nM. The increase in the somatic calcium concentration was mainly the consequence of firing of action potential rather than the small steady depolarization; when Purkinje cells were depolarized by 5 mV (the average increase in membrane potential when Purkinje cells fire at 100 Hz) for 1 s in the presence of 100 nM TTX, in all six cells examined the somatic calcium concentration increased by less than 30 nM. Thus the effect of BK channel blockade on somatic calcium is mainly by changing calcium influx per action potential than by changing the membrane potential.
The calcium imaging experiments invariably necessitated the use of whole-cell recordings to introduce the calcium indicator into the cytosol. While clear changes before and after blockade of BK channels were detectable, we caution that the technique suffers from the caveat that it alters the intracellular composition and particularly may impact calcium buffering and homeostasis.
Discussion
Regulation of firing rate by BK channels
Here we show a clear role for BK channels in controlling the rate, regularity, and pattern of spontaneous activity of cerebellar Purkinje neurons. Regulation of regularity and rate of firing by BK channels, however, is limited mainly to neurons that fire tonically and which are present predominantly at young ages. In contrast SK channels regulate firing rate at all ages. Edgerton & Reinhart (2003) examined the spontaneous firing of Purkinje neurons using whole-cell current clamp recordings and reported no statistically significant increase in firing rate following block of BK channels. However, upon closer examination, our results are not inconsistent with theirs. Edgerton & Reinhart (2003) show clear examples of increases in firing rate after BK channel block in individual neurons and their averages may have been biased towards neurons from older animals. An additional consideration may be that Edgerton & Reinhart used solely whole-cell recordings and this might have affected calcium buffering and homeostasis and thus the extent of activation of BK channels.
The BK channels which control firing rate are confined to the soma of tonically firing neurons. This is consistent with the finding that block of dendritic calcium channels also has no effect on tonic firing neurons (Womack and Khodakhah, 2002a) . In contrast, block of SK channels, even in the distal half of the dendrites in tonic firing neurons, produces a significant increase in firing rate (Womack and Khodakhah, 2003) .
The decrease in the percentage of neurons in which BK channels contribute to firing rate is concurrent with a decrease in the relative contribution of BK current to the total AHP and concurrent with an increase in the total AHP and rate of repolarization of the action potential. An increase in the rate of action potential repolarization during development is a common feature of many neurons (Ribera and Spitzer, 1992) . In Purkinje neurons, an increase in spontaneous firing rate occurs over the same developmental window as the increase in AHP described here (Womack and Khodakhah, 2002a) . A developmental increase in rate of action potential repolarization and in spontaneous firing rate has also been described in cerebellar slice cultures (Yool et al., 1988) and has been attributed to an increase in BK channel density which occurs over the same window of time (Yool et al., 1988; Gruol et al., 1992) . However our results indicate that the increase in firing rate and action potential repolarization is the result of increased contribution of some other potassium conductance. A decrease in the open probability or deactivation rate of P/Q-type calcium channels, which are functionally linked to activation of BK channels in Purkinje neurons ) is also possible.
Regulation of firing pattern by BK channels
Block of BK channels alters the pattern of spontaneous firing in all neurons. In neurons with the trimodal pattern of activity BK channel block shortens the single cycle pattern while in tonic neurons BK channel block induces irregular bursting, or induces the trimodal pattern. Regular bursting which appears as part of the trimodal pattern is associated with generation of dendritic calcium spikes . BK channels are activated during dendritic calcium spikes where they contribute to the peak repolarizing phase (Edgerton and Reinhart, 2003) . It is possible that BK channels shorten the duration of the trimodal pattern of spontaneous firing by regulating dendritic excitability, specifically by regulating the probability of generating dendritic calcium spikes. However, this is unlikely to be the sole mechanism of action of BK channels in Purkinje neurons since block of BK channels throughout the whole cell has a significantly greater effect than block of BK channels in even the distal two thirds of the dendrites ( Figure 4B ).
BK channels may also control dendritic excitability by modulating the coupling efficiency between soma and dendrites. It has been suggested that soma and dendrites of neurons can interact electrically via a push-pull mechanism (Rall, 1962; Jaeger et al., 1997; Womack and Khodakhah, 2002a) . In this model, some of the charge entering the soma during sodium action potentials enters the dendrites and charges up the dendritic capacitance. In Purkinje neurons, calcium spikes will be generated when the dendritic capacitance is sufficiently charged. The amount of charge transferred to the dendrites depends on the input resistance of the proximal dendrite. Action potential-generated increases in somatic calcium free calcium concentration back propagate into the proximal dendrites (K. Khodakhah, unpublished observations) and could provide calcium for activation of BK channels located there. By decreasing the membrane resistance of the proximal dendrite, BK channels could decrease the coupling efficiency between soma and dendrites. Since the intracellular calcium concentration increases with the firing rate this mechanism would provide a mechanism for control of dendro-somatic coupling, and possibly synaptic integration that depends on the previous firing history. Such a mechanism has been proposed for regulation of spontaneous activity by SK channels (Womack and Khodakhah, 2003) .
Regulation of intracellular calcium concentration by BK channels
While neither the mechanism driving the spontaneous pattern of activity nor its functional significance are yet understood, the finding that BK channels regulate the pattern period led us to two important observations. First, functional BK channels are present on Purkinje neurons at all ages tested. Second, the similarity between the effects of BK channel block on the pattern period and those following an increase in calcium influx (C. Chevez and K. Khodakhah, unpublished observations) prompted us to investigate whether BK channels could regulate calcium influx in the soma of Purkinje neurons. Regulation of calcium influx by BK channels is important for controlling transmitter release at nerve terminals (Robitaille and Charlton, 1992; Hu et al., 2001) . It has been proposed that by controlling the rate of action potential repolarization, BK channels also regulate calcium influx at the soma in some central neurons (Shao et al., 1999; Faber and Sah, 2003) . However, to our knowledge, our results provide the first direct demonstration that BK channels regulate calcium entry in a cellular compartment other than the terminal.
Regulation of calcium entry by BK channels has typically been attributed to their contribution to action potential duration (Robitaille and Charlton, 1992; Hu et al., 2001) . By decreasing the duration of the action potential BK channels decrease the time during which voltage-gated calcium channels are activated. Surprisingly, BK channels make little contribution to action potential duration in Purkinje neurons. In Purkinje neurons most of the calcium entering during each action potential is contributed by T-and P/Q-type calcium channels (Raman and Bean, 1999; Swensen A.M. and Bean, 2003) . BK channels are unlikely to control calcium entry during spontaneous firing by regulation of T-type calcium channels since increasing calcium entry through these channels does not affect the rate or pattern of spontaneous firing . It is most likely that BK channels regulate calcium entry by modulating the gating of P/Q-type calcium channels. The Vm AHP ranges form approximately −55 mV at postnatal day 11 to approximately −65 mV at postnatal day 22. Over this voltage range, P/Q-type calcium channels in Purkinje neurons deactivate with a time constant of less than 1 ms (Regan, 1991) , a time less than the duration of the iberiotoxinsensitive AHP. Block of BK channels decreases the average AHP by approximately 3 mV at all ages. Over the range of −55 to −65 mV, a 3 mV decrease in the AHP can slow the rate of deactivation of P/Q channels by approximately 25% (Regan, 1991) and could account for the effect of BK channel block on intracellular calcium concentration.
Changes in intracellular calcium concentration regulate many cellular processes including protein phosphorylation, development and gene expression. Calcium entry during firing could control one or more of these processes in a manner that is sensitive to the level of activity. The activity of BK channels in Purkinje neurons is regulated by phosphorylation via several classes of kinases and phosphatases (Levitan, 1999; Widmer et al., 2003) . An exciting possibility is that BK channels represent a site at which calcium entry during firing can be regulated independent of the firing rate and that the sensitivity of calcium-regulated cellular process to ongoing activity could be modulated by modulating the open probability of the channels. A, Left panel: Average firing rate (calculated every 500 ms) vs. time recorded from a Purkinje neuron from a 14 day old rat which fired tonically. Superfusion with iberiotoxin (100 nM) increased the firing rate and caused the cell to fire irregularly. The cumulative distribution of interspike intervals shows a shift to shorter intervals (higher firing rate) in iberiotoxin (right panel). Thin trace, control distribution; thick trace, distribution in iberiotoxin. B, Left panel: Average firing rate vs. time from a Purkinje neuron from a 21 day old rat which exhibited the trimodal pattern of activity. Application of iberiotoxin increased the firing rate and increased the fraction of time that the cell was in the bursting mode. Right panel: Cumulative probability distribution s of interspike intervals under control conditions (thin traces) and in iberiotoxin (thick traces). C, Left panel: Average firing rate vs. time from a Purkinje neuron from a 18 day old rat which burst at random. Application of iberiotoxin increased the firing rate. Right panel: Cumulative probability distribution s of interspike intervals under control conditions (thin traces) and in iberiotoxin (thick traces). D, Mean predominant and maximum firing rates under control conditions and in the presence of iberiotoxin. Predominant and maximum firing rates for each cell were determined from histograms of interspike intervals. The predominant firing rate was defined as the firing rate most often observed (peak of the histogram). The maximum firing rate was the fastest firing rate observed at 5% of the frequency of the predominant rate. Error bars are ± SEM (n=5). Under control conditions the mean predominant and maximum firing rates were 58 ± 8 and 171 ± 56 spikes per second, respectively. In the presence of iberiotoxin the mean predominant firing rate increased to 121 ± 29 spikes per second while the maximum firing rate was 330 ±108 spikes per second. Error bars are mean ± S.E.M. (n=5). Control values were significantly different from those in iberiotoxin (*, p< = 0.07; ** p< = 0.05 by Oneway ANOVA). show that iberiotoxin shifted the distribution to shorter intervals (higher firing rate). C, Left panel: Average firing rate vs. time from another tonically firing Purkinje neuron. Superfusion with iberiotoxin increased the firing rate and induced the trimodal pattern of activity. Right panel: Cumulative probability distributions of interspike intervals in the presence of iberiotoxin (thick traces) and in control conditions (thin traces). D, Mean predominant and maximum firing rates for cells in which iberiotoxin caused irregular bursting (left panel) and for cells in which iberiotoxin caused the trimodal pattern of activity (middle panel). In irregular bursting cells block of BK channels significantly increased the predominant firing rate from 61 (± 10) spikes/ s in control conditions (C) to 268 (± 87) in iberiotoxin (I) and the maximum firing rate from 102 (± 29) spikes/s to 536 (± 36) spikes/s. In Neurons which acquired the trimodal pattern, block of BK channels significantly increased the predominant firing rate from 55 (± 3) spikes/ s to 102 (± 29) and the maximum firing rate from 66 (± 4) spikes/s to 173 (± 28) spikes/s. Values in iberiotoxin were significantly different from control for (*) p<=0.05 and (**) p<= 0.005 (One-way ANOVA). Error bars are mean ± S.E.M. (n=5 for each type of neuron). E, For cells in which iberiotoxin induced a trimodal pattern of firing, the coefficient of variation (CV) for interspike intervals was measured under control conditions and in the presence of iberiotoxin during a period of the tonic phase of the trimodal pattern. Block of BK channels increased the CV from 0.066 (± 0.01) to 0.11 (± 0.03). Error bars are ± S.E.M. (n=5). Iberiotoxin (100 nM) was applied selectively via local perfusion to the distal half (1/2 D) or distal two thirds (2/3 D) of the dendrites or to the whole cell (WC). A, Average firing rate of a tonic firing neuron in response to local application of iberiotoxin. Application to the dendrites had no effect. B, Average firing rate of a neuron with the trimodal pattern of activity in response to local application of iberiotoxin. C, Average fold-increase in firing rate of tonic firing neurons following local block of BK channels. Block of CK channels to the distal ½ (no effect) or distal 2/3 of the dendrites (0.11 (± 0.02)-fold increase) did not significantly change the firing rate. Block of BK channels I the whole cell increased the firing rate by and average of 1.28 (± 0.14)-fold. Error bars are ± S.E.M., n=4. ns, value not significantly different from control. **, significantly different from 0 (p< = 0.001, by Oneway ANOVA). D, Average fold-increase in firing rate (hatched bars) and fold-decrease in pattern duration (open bars) in Purkinje neurons with the trimodal pattern of activity. Block of BK channels did not significantly increase firing A,Open symbols show the age of animals in which iberiotoxin altered tonic firing to irregular burst firing (T->Ir Burst; n=7), tonic firing to the trimodal pattern of activity (T->Pattern; n=6), and cells that in the absence of iberiotoxin exhibited the trimodal modal pattern of activity (Pattern; n=15). Filled symbols show the average age (±S.E.M.). The average ages of the three groups were significantly different from each other. B, The relationship between the age of animals and the extent to which iberiotoxin increased their firing rate. action potential width (R 2 =0.65, p=0.04 at 10%; R 2 =0.68, p=0.008 at 50%). E, Effect of BK channel block on a spontaneously active Purkinje neuron. Top panel: Average firing rate vs. time. Application of iberiotoxin caused an initial increase in firing rate followed by irregular firing. Bottom panel: Average action potentials under control conditions (C) and in the presence of 100 nM iberiotoxin (I) taken at the times indicated in the top trace. BK channels contributed to an AHP which persisted for several ms following each action potential. F, AHP amplitude vs. age. Values for individual cells are shown for the total AHP (circles) and for the iberiotoxinsensitive component of the AHP (squares). Linear regression fits show a clear correlation between total AHP amplitude and age (R 2 =0.67, p=0.006) but no correlation between the iberiotoxin-sensitive component of the AHP and age (R 2 =0.043, p=0.87). G, Fall time vs. age. Values for individual cells under control conditions (filled symbols) and in iberiotoxin (open symbols) are shown. Linear regression fits show a correlation between fall time and age for both sets of data. (R 2 =0.69, p=0.005 for control; R 2 = 0.63, p= 0.005 in iberiotoxin). The slope increases from −0.06 ms/day in control conditions to −0.08 ms/day in iberiotoxin indicating that BK channels make a larger contribution to fall time at younger ages. H, I, Extracellularly recorded spike waveforms were analyzed. Averages of 100-1500 action potentials were generated. H, Upper panel: Action potential recorded in whole cell mode (thin trace) and an extracellular spike waveform (thick trace) which shows the temporal correlation between potential changes recorded with an extracellular electrode and the action potential waveform. The positive peak of the extracellular recording corresponds to the time at which the rate of membrane repolarization, hence the net outward current, is maximal. Lower panel: Extracellular spike waveforms recorded under control conditions (thin trace) and in iberiotoxin (thick trace) shows that block of BK channels causes a decrease in the time to maximum outward current. I, The difference between the time to maximal outward current in control conditions and the time to maximal outward current in iberiotoxin vs. age. Values for individual cells which fired tonically (triangles) and those with the trimodal pattern of activity (circles) are shown. A linear regression fit shows a negative correlation between the contribution of BK channels to the maximum outward current and age (R 2 =0.36. p=0.11). 
